An attempt has been made to improve the performance of dehumidifier using liquid desiccant in this study. Experiments have been conducted based on L 16 orthogonal array in order to experimentally investigate the influence of dehumidification process parameters like desiccant temperature, desiccant concentration, desiccant flow rate, air flow rate, and relative humidity on the effectiveness of dehumidifier. The optimum dehumidification condition has been found through Taguchi method. It has been confirmed that the optimum condition exhibited better effectiveness for the dehumidification process.
Introduction
Desiccant dehumidifiers are emerging as a promising alternative to achieve humidity control in variety of applications with high latent loads and low humidity requirements such as in supermarkets and pharmaceuticals. Both solid and liquid desiccants are being used in practice, but liquid desiccant absorbers are becoming more attractive because of the possibility of simultaneous cooling during the process of dehumidification. Liquid desiccants also have the capability to absorb inorganic and organic air contaminants and microorganisms (Chung et al. [1] ;Öberg and Goswami [2] ).
Most of the systems already developed employ solid desiccants, with relatively high regeneration temperatures. One alternative is the use of liquid-desiccant systems. In these systems, lower regeneration temperatures can be employed, allowing for a more efficient use of heat from low temperature sources, for example, flat plate solar collectors [3] .
In the air conditioning systems, the use of liquid desiccant systems has become more popular in the past decades due to the need for reduction in the consumption of energy [4, 5] . The capability of these systems in handling latent heat in the space that will be conditioned by a dehumidifying process also allows control of the humidity without the overcool/reheat scheme as done in a regular ventilating and air conditioning system [6] .
The vapour pressure difference between the air and the desiccant is the moisture transfer driving force, which makes desiccant to absorb the moisture or deliver the moisture to the air. In the liquid desiccant air conditioning system, air is dehumidified by directly contacting the concentrated desiccant solution in the dehumidifier and the diluted desiccant solution from the dehumidifier will come to the regenerator in which it is reconcentrated. Low grade heat can be utilized to regenerate the desiccants [7] [8] [9] [10] such as solar energy and waste heat.
The dehumidifier is one of the essential parts of the system, where the air is dehumidified by a liquid desiccant. Its performance greatly influences the performance of the whole system. Compared to other types of dehumidifier, the packed dehumidifier has drawn more attention due to its compactness [11] . The heat and mass transfer process in the packed dehumidifier is affected by many parameters, such as the relative flow direction of the air to the desiccant, the type and material of the packing, and the inlet parameters of the air and the desiccant. The dehumidification process is so complex that pure theoretical study usually fails to give satisfactory results [12] .
Bansal et al. [13] studied the performance comparison of an adiabatic and an internally cooled structured packedbed dehumidifier. The performance of this absorber has been evaluated at varying desiccant flow rates. The moisture removal from the air, the effectiveness of the dehumidifier, and the mass transfer coefficients between air and solution have been compared for the dehumidifier operation with and without internal cooling.
Xiong et al. [14] experimentally demonstrated a two-stage solar powered liquid-desiccant dehumidification system, for which two kinds of desiccant solution (lithium chloride and calcium bromide) are fed to the two dehumidification stages separately. In this study, air moisture (latent) load is separately removed by a predehumidifier using cheap calcium chloride (CaCl 2 ) and a main dehumidifier using stable lithium bromide (LiBr). Side-effect of mixing heat rejected during dehumidification process is considerably alleviated by an indirect evaporative cooling unit added between the two dehumidification stages.
In this study, dehumidification process using CaCl 2 liquid desiccant has been carried out in two stages. In between dehumidification stages, process air is sensibly cooled using indirect evaporative cooler and then further dehumidification process is carried out. The process parameters affecting the effectiveness of dehumidifier, namely, desiccant concentration, temperature, flow rate, air flow rate, and relative humidity, have been considered in this study. A L 16 (4 5 ) orthogonal array is used for the conduct of experiments and Taguchi method is employed to obtain the optimum parametric condition in this study.
Description of Experimental Set Up
The schematic diagram of experimental set up is shown in Figure 1 . It consists of three important components, namely, dehumidifiers, indirect evaporative cooler, and regenerator. The dehumidifier (20 cm deep, 10 cm wide, and 20 cm long) is made with acrylic sheet (thickness 5 mm) to see inside during operation and inner core of dehumidifier is made of corrugated PVC sheets (200 mm × 5 mm × 200 mm). In the inner core, the gap 5 mm is maintained between corrugated PVC sheets and nonwoven cloth is wounded over the corrugated sheet surface to promote wetting by air and desiccant. A spray head is used to distribute liquid desiccant over the structured packing. Process air is made to meet with liquid desiccant in crosswise direction. The weak solution is collected at the bottom of the dehumidifier.
The outer casing (50 cm in diameter and 75 cm in height) of regenerator is made of PVC and packed with balls (1.5 diameter). The weak desiccant solution from dehumidifier is pumped to heater and the hot weak solution is then sprayed over the regenerator through nozzle. The atmospheric air is made to meet with weak solution in counter clockwise direction and the strong desiccant solution is collected at the bottom of the regenerator.
Indirect evaporative cooler (50 cm in length and 20 cm in height, 10 cm in width), in which outer body is made of acrylic sheet, is used to cool the process air coming from the dehumidifier. The process air is passed through the channels over which evaporative cooling takes place due to the contact of atmospheric air and water, thereby cooling effect is transferred to process air.
The dry bulb temperature of process air is measured at various points using k-type thermocouple. Relative humidity of air, desiccant flow rate, concentration of desiccant, and air flow rate are measured with humidity sensors, rotameter, hydrometer, and anemometer, respectively.
Dehumidification process is carried out with four steps by using the experimental set up shown in Figure 2 .
(i) The process air is passed through dehumidifier and required flow rate of air which is obtained by controlling fan speed.
(ii) The solution pumps are started and flow rates are adjusted to required level using control valves.
(iii) Temperature of diluted desiccant solution is adjusted with heating system.
(iv) Indirect evaporative cooler is started to cool process air.
Process air is passed through first dehumidifier where moisture is reduced from state 1 to state 2. Then dehumidified air is sent through indirect evaporative cooler where temperature is reduced from state 2 to state 3 at constant specific humidity. Afterwards, the process air is passed through second dehumidifier, where moisture is again reduced from state 3 to state 4. All processes are indicated in Figure 3 . The effectiveness of dehumidifier ( ) is determined as follows.
where is specific humidity of inlet air; is specific humidity of outlet air;
is equilibrium specific humidity of solution and air; and is the humidity ratio of air in equilibrium with calcium chloride solution at the interfacial area. It is calculated from the following ordinary equation:
Vapour pressure is important properties which determine the air humidity in equilibrium with liquid desiccant at surface. Fumo and Goswami [15] developed second order polynomial and coefficient which were obtained from a curve fit [16] :
where the constant is given for dehumidification process as = 4.58208, 1 = −0.159174, 2 = 0.0072594; = −18.3816, 1 = 0.5661, 2 = −0.019314; = 21.312, 1 = −0.666, 2 = 0.01332.
Taguchi Method
This method is a powerful statistical tool for improving the performance of the design, process, and product with a considerable reduction in investigational time and cost, Wu and Chang [17] . It employs the concepts of orthogonal array which is a set of well-balanced experiments and signal-tonoise (S/N) ratio which is the ratio of the mean (signal) to the standard deviation (noise). This method defines three categories of quality characteristics such as lower-the-better, larger-the-better, and nominal-the-best and involves five main steps as follows.
(i) Identify process parameters influencing output response of the process. (ii) Choose a suitable orthogonal array to carry out experiments. (iii) Examine the results to find out optimum parametric condition. (iv) Run a confirmatory test using the optimum parametric condition.
Five process control parameters, namely, desiccant concentration (A), desiccant temperature (B), desiccant flow rate (C), air flow rate (D), and air relative humidity (E), each at four levels, were considered in this study and are listed in Table 1 . An orthogonal array L 16 (4 5 ) was selected for the conduct of experiments. Effectiveness of dehumidifier was treated as output response with the category of quality characteristics "larger-the-better. " The S/N ratio for this response can be estimated by using
where is response value for an experimental condition.
Results and Discussion
4.1. S/N Ratio Response. The S/N ratio of effectiveness was calculated for each process parametric setting and their values are given in Table 2 . In order to find ranking and optimum level of the process parameters, average S/N ratio response was estimated and the corresponding details are given in Table 3 . The response graph shown in Figure 4 described the variation of each process control parameter on the performance of the dehumidification process [18, 19] . The percentage contribution of each parameter to dehumidifier effectiveness was shown in Figure 5 . The optimum Average S/N ratio (dB)
Optimum level: A 3 , B 1 , C 3 , D 1 , and E 4 
Confirmation Experiments.
Two test runs have been made for the optimum parametric setting. The values of effectiveness were found to be 70, 72, 70, and 71% and their S/N ratio was 36.99 dB. This S/N ratio value was found within the confidence interval limits.
Future Scope.
Research is still required to improve the performance of dehumidification system through various combinations of parameters and levels by including other process parameters like air temperature, wettability, mass flow ratio, heat, and mass transfer coefficient. The optimization techniques like genetic algorithm and simulation analysis can be used to find the global optimum parametric condition by which dry air can be produced. 
Conclusion
Taguchi method was applied to find the optimum parametric setting for air dehumidification system with high effectiveness. The optimum setting was found as follows: This setting was checked through the confirmation experiments. From the percentage contribution analysis, it was noted that solution flow rate was the most important parameter for the improvement of effectiveness of dehumidifier system.
Nomenclature
: Specific humidity of inlet air-kg/kg of dry air : Specific humidity of outlet air-kg/kg of dry air : Equilibrium specific humidity of solution at interface-kg/kg of dry air vs : Saturated vapour pressure-N/m 2 : Atmospheric pressure-N/m 2 : Temperature-∘ C / : Signal-to-noise ratio E: Effectiveness : Concentration kg/kg of solution.
